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Abstract Induction of embryogenic callus in culture
is an important step in plant transformation proce-
dures, but response is genotype specific and the genet-
ics of the trait are not well understood. Quantitative
trait loci (QTL) were mapped in a set of 126 recombi-
nant inbred lines (RILs) of inbred H99 (high Type I
callus response) by inbred Mol7 (low Type I callus
response) that were evaluated over two years for Type
I callus response. QTL were observed in a total of
eleven bins on eight chromosomes, including eight
QTL with main effects and three epistatic interactions.
Many of the QTL were mapped to the same or border-
ing chromosomal bins as candidate genes for abscisic
acid metabolism, indicating a possible role for the hor-
mone in the induction of embryogenic callus, as has
previously been indicated in microspore embryo induc-
tion. Further examinations of allelic variability for
known candidate genes located near the observed QTL
could be useful for expanding the understanding of the
genetic basis of induction embryogenic callus. The
QTL observed herein could also be used in a marker
assisted selection (MAS) program to improve the
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response of agronomically useful inbreds, but only if
the resources required for MAS are lower than those
required for phenotypic selection.

Introduction

The potential of germplasm to form callus in culture
and regenerate plants is a necessary prerequisite for
plant transformation procedures, though the genetic
processes underlying these traits are not well under-
stood in maize. Green and Philips (1975) initially
described the regeneration of maize plants from callus
derived from immature embryos of maize inbred A188,
a process that was facilitated by the placement of the
plumule-radicle axis side of the embryo in contact with
the media used for culture. Further studies distin-
guished two types of maize callus, identified as Type 1
and Type II (Green and Rhodes 1982; Lu et al. 1982).
Type I callus is compact and more easily obtained from
immature embryos, while Type II is friable and main-
tains the ability to regenerate plants over a longer
period of time. The different callus types may originate
from the same initial cells within the scutella of imma-
ture embryos, with the observed differences due to
genotype, stage of immature embryo development, and
culture media (Phillips et al. 1988).

The ability to produce regenerable callus from imma-
ture embryos appears to be genotype-dependent in both
temperate and tropical maize (Tomes and Smith 1985;
Hodges et al. 1986; Carvalho et al. 1997). Efficiencies of
regenerable callus production are low for many agro-
nomically useful, publicly available inbreds (e.g., B73,
Mo17), which can create the need to use less desirable
inbreds (e.g., A188, H99) for genetic transformation and
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plant regeneration (Hodges et al. 1986). This requires
the use of several generations of backcrossing to pro-
duce agronomically desirable maize inbreds with the
added trait of interest, a time frame that could be
reduced through the use of regenerable elite germplasm.

The genetic basis of regenerable callus production has
not been well examined in maize, with some early indi-
cations that a few simply inherited genes were of major
importance (Hodges et al. 1985; Willman et al. 1989).
Other reports suggest that additive, non-additive, and
maternal effects significantly affect the induction of
regenerable callus, although the importance of maternal
effects is not consistent across reports (Beckert and Qing
1984; Duncan et al. 1985; Tomes 1985; Hodges et al.
1986). Only one report concerning the identification of
genomic regions associated with induction of embryo-
genic callus from immature embryos has been published.
Three of the five genomic regions of A188 that were
conserved in backcross (BC) lines of (A188 x B73)
x B73 that were selected for high frequency initiation of
embryogenic cultures were also significantly associated
with percentage of immature embryos producing
embryogenic callus in an A188 x Mol7 F, population,
on chromosomes 1, 4, and 9 (Armstrong et al. 1992).
More research has focused on the genetics of anther cul-
ture response, with genomic regions associated with
embryo-like structure (ELS) formation from microsp-
ores observed on all chromosomes (Cowen et al. 1992;
Wan et al. 1992; Murgineux et al. 1994; Beaumont et al.
1995). Despite the differences in the explants there may
be some minor similarities in the genetics of callus
production from immature embryos and anthers. For
example, maize inbred H99, which is highly efficient at
producing embryogenic callus from immature embryos
but is not responsive to anther culture, appears to have
alleles that are positively associated with the induction
of embryos during anther culture (Hodges et al. 1986;
Beaumont et al. 1995).

Building on the limited base of knowledge concerning
the genetics of regenerable callus production from
immature embryos could be useful for not only improv-
ing tissue culture response of elite germplasm but also
for expanding available information on the processes
involved in the induction of regenerable callus. The
objective of this research was to map quantitative trait
loci (QTL) associated with induction of regenerable cal-
lus in recombinant inbred lines (RILs) of Mo17 x H99.

Materials and methods

Formation of the Mol7 x H99 RIL population has
been described by Veldboom et al. (1994) and Austin
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and Lee (1996). Briefly, one F; plant was self-polli-
nated to produce F, individuals that were advanced by
the single-seed descent method to the F¢ generation.
Single-row plots, 3.8 m long and spaced 0.76 m apart,
were planted for each RIL at the Agronomy and Agri-
cultural Engineering Research Center (AAERC) near
Ames, IA in a completely randomized design with one
replication each in 1997 and 1998. All plants were self-
pollinated by hand and approximately ten ears per RIL
were harvested when the embryos were 0.75-1.0 mm
long (about 6-10 days after pollination). Immature
embryos were aseptically isolated from surface steril-
ized ears and cultured with the scutellum-side up on N6
medium as described in Armstrong et al. (1992).

The phenotype for each embryo was recorded as pres-
ence or absence of Type I callus after 4 weeks. The trait
value for each entry was calculated as the percentage of
embryos with Type I callus out of the total number of
embryos isolated for the entry. Square-root transforma-
tions were performed on the data to reduce the effects of
outlying values (see Figs. 1, 2) though both transformed
and non-transformed data were analysed. RIL means
were used for the individual year analyses, while least
square means (LSM) for the combined analysis were cal-
culated from the non-transformed and transformed val-
ues from both years using SAS Proc Mixed (SAS
Institute 1999), considering entries as fixed effects.
Genotype, genotype x environment, and error variances
were estimated using a model that considered entries
and the entry x environment interaction as random
effects (Cardinal et al. 2003). Broad-sense heritabilities
on an entry-mean basis and their exact confidence inter-
vals were calculated according to established procedures
(Knapp et al. 1985; Fehr 1987).

Detection of QTL

The genetic map for the population has been published
(Austin and Lee, 1998). A subset of 78 RFLP loci and
33 SSR loci was used herein to reduce the number of
tightly linked loci used in the QTL analysis. QTL were
detected using PlabQTL with cofactor selection per-
formed as described in Utz and Melchinger (1996) and
Austin et al. (2000). Outlier or influential observations
were tested based on statistics calculated by PlabQTL
(Andrews—Pregibon statistic second factor, AP2 <0.5;
influential value of an observation, infl > 0.4; Studen-
tized residual, stdRes > 3.5). The LOD threshold value
of 2.5 was used to declare the presence of a QTL. This
LOD threshold has been used in other studies of QTL
in maize (Cardinal et al. 2003; Krakowsky et al. 2004)
and has the advantage of minimizing the risk of a Type
II error (i.e., missing a QTL).
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Fig. 1 Percent Type I callus formation, mean across trials (non-transformed data)
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Fig. 2 Percent Type I callus formation, mean across trials (non-transformed data)
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Digenic epistatic interactions between all pairs of loci
were tested using Epistacy, which uses least-square sta-
tistics (Holland 1998). Interactions at P < 0.00026 were

considered significant. This threshold was based on an
estimate of the number of independent linkage groups
in maize with each chromosome arm representing one
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independent linkage group (Holland et al. 1997). Inter-
action terms were added to a model including all main
effect QTL in PlabQTL, and those interactions that
increased the AIC by at least 2.0 were deemed signifi-
cant. Interactions between main effect QTL were also
tested in PlabQTL by including additive x additive epi-
static effects in the model. Effects that exceeded the F-
to-Enter (and F-to-Drop) value obtained by using the
Bonferroni bound at the significance level (P) of 0.05
(experiment-wise error rate) were included in the final
model.

The relative efficiency of marker assisted selection
(MAS) over conventional phenotypic selection was
calculated as described in Lande and Thompson (1990)
and Papst et al. (2004), with the efficiency of selection
based solely on MAS calculated as RE = ./p/h” and the
efficiency of selection based on MAS and phenotypic
data calculated as RE = ./p/h*>+ (1 — p)*(1 — ph?),
where /4 is the heritability of the trait and p is the pro-
portion of the additive genetic variance associated with
the marker loci.

Results
Phenotypic analysis

The mean, median, and range of embryos evaluated
per RIL were 78, 73, and 24-249, respectively, in 1997
and 71, 70, and 25-120, respectively, in 1998. The num-
ber of embryos evaluated per parental line was 404
and 374 in 1997 and 1998, respectively, for Mo17 and
319 and 240 in 1997 and 1998, respectively, for H99.
Significant differences were observed between the
inbred parents, with 71% of the H99 embryos and 1%
of the Mo17 embryos forming Type I callus. In 1997
the mean response for the RILs was 21%, with 36
entries exhibiting no response and 20 entries exhibit-
ing greater than 50% response, while in 1998 the mean
response was 14% with 52 entries exhibiting no
response and only 11 entries exhibiting greater than
50% response. For the mean across years, the mean
response was 17%, with 17 entries exhibiting no
response and six entries exhibiting greater than 50%
response. Transgressive segregation (individuals with
greater response frequencies than H99) was observed
in both years and in the mean across years, though
most of these data points were dropped from the QTL
analyses as outliers. The genotype and error variance
components were 191 [95% confidence interval (95%
CI =119-351)] and 352 (95% CI =279-459), respec-
tively, for the non-transformed data and 2.6 (95%
CI =1.6-5.2) and 4.9 (95% CI = 3.7-6.6), respectively,
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for the transformed data. The broad-sense heritabili-
ties calculated on an entry mean-basis for Type I
embryogenic callus response were 52% (90% CI = 12—
52%) and 48% (90% CI =10-51%) when calculated
from the non-transformed and transformed data,
respectively.

QTL analysis

QTL analysis was performed for the individual years
and the mean across years for both the non-trans-
formed and square-root transformed data. For the
non-transformed data, outliers were observed for the
individual years and the mean across years, with
three, five, and two individuals removed from the
1997, 1998, and the mean across years analyses,
respectively, while no outliers were observed in the
transformed data.

For the non-transformed data, nine main effect
QTL associated with 44% of the phenotypic varia-
tion were observed on chromosomes 1, 2, 3, 5, 6, and
8 for the mean across years, while six and three QTL
were observed for 1997 and 1998, respectively
(Table 1; Fig. 3). All QTL observed in 1997 and 1998
were also observed in the mean across years, except
one of the QTL on chromosome 5 in 1997 (umc27)
and the QTL on chromosome 7 in 1998. Epistatic
effects were significant but not consistent across the
analyses. An additional epistatic interaction was sig-
nificant in the mean across years, between loci on
chromosomes 1 (isu73) and 6 (bnl5.47), but a model
in which this interaction and the interaction between
phiO83 and phi061 were both significant could not be
developed.

The main effect QTL observed in the mean across
years for the non-transformed and transformed data
did not differ (Table 2; Fig. 3). Only two main effect
QTL each were observed for the transformed data in
the 1997 and 1998 analyses, with only those from 1998
observed in the mean across trials. As with the non-
transformed data, epistatic effects were significant but
not consistent across the analyses of the transformed
data, with two interactions observed in the mean across
years that were not observed in the other years. For
both interactions the presence of the H99 allele at both
loci was associated with the highest percentage of Type
I callus, while the presence of the Mol7 allele at one
locus and the H99 allele at the other was associated
with the lowest values.

The relative efficiencies of MAS alone, based on
the adjusted R? from the mean across years models
including epistatic interactions, were RE =0.99
(0.92 when epistatic interactions are not included)
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Fig. 3 Linkage map of Mol7 x H99 RILs population. Solid
shapes (e.g., filled square) denote QTL for the mean across years
for which the allele from H99 is associated with an increase in the
trait, while outlined shapes (e.g. open square) denote QTL for the

for the non-transformed data and 0.98 (0.90 when
epistatic interactions are not included) for the trans-
formed data, while the relative efficiencies of MAS

mean across years for which the allele from Mol7 is associated
with an increase in the trait. Candidate genes are listed in bold
italic: vp, viviparous; glb1, globulin; gl11, glossy; w3, white seed-
ling; dhnl, dehydrin; aba2, abscisic acid

combined with phenotypic data were RE = 1.08 for
the non-transformed data and 1.09 for the trans-
formed data.
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Table 1 Chromosomal locations, estimates of effects, and partial R? of QTL for induction of Type 1 callus

Bin  Marker LOD  Main effects Main and epistatic effects Genotypic classes®
Effect” Partial R** Effect Partial R* AA AB BA BB
% % %
1997
1.05  isu73 —5. 7% 6 —4 4% 4
1.08 an2.6 5.9k 9 5.2k 6
1.10  isul8 0.1 0
2.04  phi083 0.6 0
2.06  umc98a 5.6%* 7 4.2% 4
4.01  wumcl23 -1.0 0
isul8 x umcl23 S5.4%% 7 25 14 12 33
5.03  umc27 5.0%:* 6 34 3
5.07  phil28 5.5 7 5.2k 7
8.06 umc48 7.8%% 12 7.1%* 11
9.03  phiO6l 3.0 3
phi083 x phi061 6.2 9 24 11 8 32
Total adjusted R* =25% Total adjusted R?> =32%
1998
3.06 umcl65 4.7 7 4.8 7
5.03  bnll0.06 5.3k 11 5.3 12
7.02  bnll5.40 —4.6%* 8 —4. 7% 10
umcl65 x bnl5.40 —4. 9k 6 11 6 30 4
Total adjusted R> = 17% Total adjusted R* =21%
Mean across years
1.05  isu73 4.1 —4.7%* 10 —5.1%* 13
1.08 an2.6 4 4 4 9 4. 7% 12
2.04  phi083 1.7 2
2.05  npi565b 34 4.8%* 13 4. 7% 10
3.06  umcl65 3.8 5.3%* 10 5.1 10
5.03  umcl66 7.4 7.0%* 22 6.9 24
6.05  umc2l 8.1 7.4%% 17 6.6%* 15
6.05  bnl5.47 6.9 —6.9%* 16 —6.6%* 17
8.06 umc48 4.5 5.0%:* 14 4. 7% 13
9.03  phi06l -15 2
phi083 x phi061 4.1%% 10 18 11 9 26

Total adjusted R? = 44%

Total adjusted R? = 49%

*, ** Significant at P = 0.10 and 0.05 probability levels, respectively

4 Means for individuals with Mo17 allele at both loci (AA), Mo17 allele at the first loci and H99 allele at second loci (AB), H99 allele at
the first loci and Mo17 allele at second loci (BA), and H99 allele at both loci (BB)

The allele from H99 is associated with an increase (+) or decrease (—) in the value of the trait

¢ Percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed

dPercentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the number of parameters

in the model

Discussion

The square-root transformation resulted in more nor-
malized data and removed the outliers but did not have
much effect on the QTL analyses, with no differences
observed between the main effect QTL observed in the
non-transformed and transformed data for the mean
across years. Epistatic interactions were observed for
the mean across years for both the non-transformed
and transformed data and contributed to significant
increases in the adjusted R? for the models.

The presence of two QTL with opposite effects in
the same bin on chromosome 6 may be the result of
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collinearity as opposed to the presence of two distinct
QTL, since the distance between the QTL was only
20 cM (Rawlings 1988). The additive effect of the QTL
at bnl5.47 was negative when fit alone in the model but
was only significant if the QTL at umc2] was present in
the model and had a much greater impact on the par-
tial R? of the QTL at umc21 than it did on the adjusted
R? for the model. The epistatic interaction between
isu73 and bnl5.47 that was observed in the mean across
years for the non-transformed data was only significant
at P=0.005 in the mean across years analysis for the
transformed data and was not included in the model.
This interaction is unexpected in that the presence of
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Table 2 Chromosomal locations, estimates of effects, and partial R? of QTL for callus formation for the transformed data
Bin Marker LOD  Main effects Main and epistatic effects Genotypic classes®
Effect” Partial R*¢ Effect Partial R? AA  AB BA BB
% % %
1997
2.04  phi083 —0.06 0
2.06 isu9 —-0.41 2
5.07  phil28 33 0.817%* 7 0.59* 5
7.03  umcll0 -0.27 1
isu9 x umcl10 0.88%* 10 41 1.7 2.8 4.8
9.02 isul24 2.7 0.69%* 6 0.91* 4
phil28 x isul24 0.73%* 7 2.8 2.4 2.6 5.2
9.03  phio6l -0.57 2
phi083 x phi061 0.907%:* 11 3.8 22 2.5 5.1
Total adjusted R*¢ = 8% Total adjusted R? = 30%
1998
2.08 umc4 0.27 1
3.06  umcl65 3.8 0.76%* 5 0.76%* 6
5.00  umc86b 0.37 2
umc4 x umc86b 0.84%* 10 3.3 1.7 1.6 4.1
5.03  bnll0.06 6.1 0.94%* 11 1.08%* 10
Total adjusted R? = 14% Total adjusted R> = 23%
Overall
1.06  npi429 2.6 —0.60%* 7 —0.39%* 4
1.08 an2.6 2.9 0.62%* 9 0.727%:* 10
1.10  isul8 -0.16 1
2.04  phi083 0.08 0
2.06  umc98a 2.5 0.65%* 9 0.66%* 9
3.06 umcl65 6.2 0.93%: 13 0.73%* 10
4.01 umcl23 —-0.17 1
isul8 x umcl23 0.49%* 7 3.9 2.5 2.3 4.2
5.04  btl 2.7 0.98%3 22 0.92%3* 23
6.05  umc2l 6.2 1.02%* 15 0.76%* 11
6.05  bnl5.47 3.6 —0.74%* 10 —0.64%* 9
8.06 umc48 2.5 0.54%3 6 0.65%* 9
9.03  phio6l -0.22 2
phi083 x phi061 0.65%* 12 35 2.5 1.9 42

Total adjusted R? = 39%

Total adjusted R? = 46%

*, ** Significant at P = 0.10 and 0.05 probability levels, respectively

4Square-root transformed means for individuals with Mo17 allele at both loci (AA), Mo17 allele at the first loci and H99 allele at second
loci (AB), H99 allele at the first loci and Mo17 allele at second loci (BA), and H99 allele at both loci (BB)

b Effects are based on square-root transformed values. The allele from H99 is associated with an increase (+) or decrease (—) in the value

of the trait

¢ Percentage of phenotypic variation explained by the QTL, maintaining all other QTL effects fixed

dPercentage of phenotypic variation explained by a model including all QTL as main effects and adjusted for the number of parameters

in the model

the Mo17 allele at both loci is associated with high trait
values, when Mol7 is a poor responder, and is proba-
bly the result of a few outlying observations. Trans-
gressive segregation was consistently observed in a few
lines, but possible explanations include: (1) there are
positive alleles for cell totipotency in Mol7, but they
are swamped out by a much greater number of nega-
tive alleles, (2) there are negative alleles in H99 associ-
ated with inhibition of cell totipotency, while the
alleles in Mo17 are neutral, or (3) there are more epi-
static interactions between alleles from Mo17 and H99

than were observed herein. The study conducted
herein cannot provide conclusive evidence for any one
(or all) of these possibilities.

Previous reports on the genetics of embryogenic cal-
lus suggested that a few simply inherited genes were of
major importance and that additive, non-additive, and
maternal effects significantly affect the induction of the
callus (Beckert and Qing 1984; Duncan et al. 1985;
Hodges et al. 1985, 1986; Tomes 1985; Willman et al.
1989). While one major QTL (R? >20%) was observed
on chromosome 5 (bin 5.03/4), most of the QTL had
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relatively small effects and epistatic effects were signifi-
cant in both the individual years and the mean across
years. Willman et al. (1989) reported significant epi-
static variance for populations derived from crosses
and backcrosses of A188 x Mo17 but not A188 x B73,
and alleles from Mo17 had positive effects in some of
the interactions observed herein.

Only one other report has been published on the
locations of QTL associated with embryogenic callus,
and that study evaluated induction of Type II callus
(Armstrong et al. 1992). Conserved segments of A188
in a BCs population of (B73 x A188) x B73 on chro-
mosomes 1 (two segments), 2, and 9 were evaluated for
significance in an Al188 x Mol7 F, population.
Another segment was observed on chromosome 3, but
was not tested in the F, population. Three segments
(on chromosomes 1, 4, and 9) were significant for
embryogenic callus in the A188 x Mo17 F, population,
none of which are linked to QTL observed herein.
Interestingly the other two segments from the BC;
population, on chromosomes 2 and 3, appear to be
linked (few common markers were used between the
A188 x Mol7 F, population and the population
herein) to QTL observed in the mean across years
analyses herein. Differences in QTL observed between
the two studies could be due to genetic heterogeneity
between A188 and H99 and differences in the environ-
ments used for the studies.

Comparisons to microspore embryogenesis genetic
studies, while confounded by differences in the traits,
populations and environments, could provide some
information about mechanisms of embryogenesis in tis-
sue culture. Several studies have identified genetic
regions associated with microspore embryogenesis,
and of most interest are the studies that have used H99,
which has very poor microspore embryogenesis
response, as a parent in crosses to directly compare
genomic regions associated with microspore and callus
embryogenesis. Two studies used H99 in combination
with Pa91 and FR16, inbreds with fair to good micro-
spore embryogenesis response, and observed chromo-
somal regions associated with anther culture and ELS
formation on chromosomes 1, 2, 3, 5, 6, 7, and 8 (Wan
et al. 1992; Beaumont et al. 1995). The QTL observed
herein for the mean across years in bins 1.08, 3.06, 5.03/
4, and 8.06 are in the same or bordering bins. Other
studies used hybrid combinations that included lines
that were selected for microspore culture response
(e.g., DH5 and DH?7) and localized regions associated
with ELS formation on chromosomes 1, 3, 4, 5, 8, 9,
and 10 (Cowen et al. 1992; Murgineux et al. 1994). The
QTL observed herein for the mean across years in bins
1.06, 1.08, 3.06, 5.03/4, 8.06, and 9.03 are in the same or
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bordering bins, and these comparisons across the vari-
ous studies indicate possible common mechanisms for
induction of embryogenic callus in immature embryos
and ELS formation in cultured anthers.

Along with identifying genomic regions that could
be useful in MAS, QTL studies can also be useful in
identifying candidate genes that can provide a
broader understanding of the genetics underlying the
trait of interest. The viviparous mutants in maize are
associated with decreased or deficient production of
abscisic acid (ABA), a hormone involved in, among
other roles, seed maturation and dormancy (Neill
et al. 1986; Tan et al. 1997). The main and epistatic
QTL observed herein in the mean across years for
both non-transformed and transformed data in bins
1.08, 1.10, 2.04/5, 3.06, and 5.03/4 are in the same or
bordering bins as genes that have mutant alleles with
viviparous phenotypes (e.g., vpI-vpl4 and w3), while
the epistatic QTL in bin 2.04 is in the same bin as
glossyll, which sometimes has a viviparous pheno-
type (MaizeGDB, http://www.maizegdb.org/). In
addition, the QTL on chromosome 8 is in the same
bin as aba2, a candidate gene for ABA synthesis, and
the QTL on chromosome 6 are in the same bin as
dehydrinl, which is responsive to ABA and is
expressed during dehydration. Beaumont et al. (1995)
found that many QTL for induction of embryos dur-
ing anther culture were also in the same chromosomal
regions as genes that have viviparous mutant alleles,
providing further evidence for the prominent role of
ABA (or its absence) in the induction of embryos in
vitro. Also, Marhic et al. (1998) observed that selec-
tion for anther culture response in maize resulted in a
significant increase in the number of tillers per plant,
which may have resulted from changes in ABA con-
centrations or sensitivities. It is not clear from these
studies what exact role ABA has; the detection of so
many QTL in close association with genes that have
viviparous alleles does not necessarily mean that
induction of embryos results from the suppression of
ABA, and could be the opposite, since the alleles
from highly responsive inbreds have not been specifi-
cally identified and characterized. Duncan et al.
(2003) report that exposure of Type I callus to ABA
or water stress induced the production of globulin 1, a
protein which is regulated by abscisic acid. The candi-
date gene for this protein (g/b1) is located in bin 1.09,
in between the QTL observed herein in bins 1.08 and
1.10. Identification of allelic differences between
Mo17 and H99 could provide further evidence of an
association between genes related to ABA biosynthe-
sis and induction of embryogenic callus, but several
additional steps, such as detection of functional differ-
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ences between the alleles and transfer of the alleles
into a recalcitrant inbred, would be necessary to ver-
ify that the genes were actually associated with induc-
tion of embryogenic callus.

Differences in isozyme patterns have been observed
between embryogenic and non-embryogenic callus for
glutamate dehydrogenase, acid phophatase, peroxi-
dase, esterase, and malate dehydrogenase (Fransz et al.
1989; Rao et al. 1990). Candidate genes for glutamate
dehydrogenase (gdhl), acid phophatase (acpl), peroxi-
dase (pxI3), and esterase (e3) are located in bins 1.11,
9.03, 5.03, and 3.05, respectively, while two candidate
genes for malate dehydrogenase, mdh4 and mdhS5, are
located in bins 1.08 and 5.03, respectively (MaizeGDB,
http://www.maizegdb.org/). Whether these enzymes
are directly associated with the induction of regenera-
ble callus or simply the product of the physiological
changes occurring as the callus becomes embryogenic
is unclear, and the previous reports did not compare
the isozyme patterns from embryogenic callus and
zygotic embryos.

The efficiencies of MAS for the non-transformed
and transformed data were about equal and were
slightly lower than the efficiency of phenotypic selec-
tion alone, indicating that MAS would be useful only if
it was less resource-intensive than phenotypic selec-
tion. The gain from using MAS and phenotypic selec-
tion combined was not enough to justify the resources
involved.

QTL were observed on eight chromosomes herein,
with both significant main and epistatic effects.
Transformation of the data to produce a more nor-
malized distribution did not have much effect on the
QTL observed. While there was an obvious lack of
consistency in the QTL observed when comparing
1997 to 1998 and either year to the mean across
years, the fairly consistent localization of QTL in or
near chromosomal bins associated with candidate
genes, specifically candidate genes involved in ABA
synthesis and sensitivity provides further evidence
that the QTL are indeed real. Utilization of these
QTL for MAS depends on the cost effectiveness of
that approach as compared with phenotypic selec-
tion, but the QTL could prove useful in improving
our understanding of the biology of induction of
embryogenic callus, especially if allelic variability at
the candidate genes is observed between the two
inbred parents.
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